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1. Introduction {#s0005}
===============

In recent months, a new coronary pneumonia named Coronavirus Disease 2019 (COVID-19) has spread rapidly around the world ([@bb0065]). Up to July 25, the number of diagnosed patients in the world has exceeded 15.3 million, and the number is still rising rapidly. As a new member of the coronavirus family, the characters this novel coronavirus is significantly similar to the six known coronavirus genome sequences ([@bb0065]; [@bb0075]). In particular, its homology with SARS-CoV exceeds 79% ([@bb0020]). Infection from COVID-19 can cause pneumonia, severe acute respiratory syndrome, kidney failure, and final death ([@bb0050]).

This new coronavirus has been reported to be more contagious than the SARS virus ([@bb0115]). In terms of the route of transmission, similar to SARS, pneumonia infected by the new coronavirus is mainly transmitted through droplets from coughing or sneezing, and might also be transmitted through contact ([@bb0005]; [@bb0015]). Of note, recent studies have found that COVID-19 nucleic acid is positive in the stool of some patients with diagnosed COVID-19, and the virus can transfer between liquid and skin ([@bb0045]; [@bb0090]; [@bb0150]). Considering that SARS was able to replicate in human gastrointestinal tract and excreted with urine and stool in the body, resulting in the further survival for days to weeks in water environment field, more attention should be paid to the risk of the fecal mouth transmission for the novel coronavirus, and the risk assessment and analysis of the overall discharge of COVID-19 from a diagnosed patient to the final environment needs urgent evaluation, which still remains unclear up to now ([@bb0010]; [@bb0070]; [@bb0100]; [@bb0140]).

As an important vector, rivers could carry the virus and spread it to the downstream ([@bb0110]; [@bb0120]), posing a health risk to watershed cities. Due to the flow disturbance, virus that settles to the bottom might be resuspended again and become a potential surface threat ([@bb0025]; [@bb0105]). Moreover, the transverse shear effect of the longitudinal flow of rivers would also enhance the second-stay on the river bank or even immerse into the groundwater, resulting in more serious health risks ([@bb0135]). Still, limited information is known about the transmission and the relevant risk assessment for this new coronavirus at the current stage.

Quantitative microbiological risk assessment (QMRA) describes a mathematical relationship between microbial intake and the probability of adverse effects on the human body, based on the characteristics of infectious effects and other data ([@bb0040]). QMRA risk assessment has been widely used in the field of water resources and the environment to evaluate a variety of viruses, including adenovirus, rotavirus, and enterovirus in recreational, reclaimed and surface waters in word-wide regions, which give the appropriate resolution for the risk evaluation of COVID-19 ([@bb0060]; [@bb0085]; [@bb0130]).

In this study, the watershed cities in the three major basins namely the Yangtze River, Han River and Fu River in Hubei province of China were selected to be assessed for the possible waterborne transmission of COVID-19. The QMRA index distribution model was systematically established and modified to conduct the risk assessment and comparative analysis of sewage discharges in each city. Crucial factors such as the dilution, transmission distance, and the inactivation of viruses over time were also analyzed. Through the calculation of risk index, potential suggestions for controlling the risks of COVID-19 are proposed.

2. Methods {#s0010}
==========

2.1. Researching area {#s0015}
---------------------

Three rivers (Yangtze River, Han River and Fu River) and the related 19 watershed cities in Hubei Province were selected as the main research objects. The detailed locations are shown in [Fig. 1](#f0005){ref-type="fig"} .Fig. 1Locations of the three selected rivers and watershed cities.Fig. 1

2.2. Data sources {#s0020}
-----------------

\@The number of diagnosed cases (Tables S1 and S2) was obtained from the Health Committee of Hubei Province (<http://wjw.hubei.gov.cn/fbjd/xxgkml/sjfb/>). The daily flow information for the Yangtze River, Han River and Fu River was obtained from the Hydrology and Water Resources Bureau of Hubei Province (<http://sw.hubeiwater.gov.cn/>). Daily urban sewage treatment scale is intercepted from the National Bureau of Statistics of China (<http://www.stats.gov.cn/tjsj/ndsj/>). The information on the residents population and area of cities was obtained from the Hubei Province Bureau of Statistics (<http://tjj.hubei.gov.cn/>).

2.3. Index model of QMRA {#s0025}
------------------------

QMRA is used to assess viral risk in the water environment. Research on pathogen biological response mechanisms is based on the hypothesis that pathogens may infect humans, which can be described in Eq. [(1)](#fo0005){ref-type="disp-formula"}.$$P_{i} = 1 - e^{- \mathit{\gamma d}}$$where *P* ~*i*~ is the single infection risk index, *γ* is the constant revealing the infection probability of a single pathogen, and *d* is the number of ingested pathogens. The γ parameters for other pathogens in the previous studies were listed in Table S3, while the sensitivity and confidence interval analysis were also performed. Since limited information including the related pathological parameters about SARS-CoV-2 virus has been obtained and widely acknowledged so far, the γ parameter in our study was selected as γ = 0.0128 based on the fact that SARS-CoV-2 is a respiratory virus, semi-pathogenic (N~50~) should be larger than enterovirus to cause infection in the water environment, and the γ parameter should be selected relatively small. For conducting the relative risk comparisons between different cities, the calculation of the risk index for the three river basins was based on the same selected parameters, which might not differ the essentials of the relevant discussion.

According to the previous study ([@bb0040]), the value of *d* could be calculated from Eq. [(2)](#fo0010){ref-type="disp-formula"}.$$d = \mu \ast m$$

Here *m* is the amounts of water consumed by the exposed population in one time exposure in Table S4 ([@bb0035]; [@bb0080]), and the most unfavorable exposure volume in various daily activities was set at 100 mL. *μ* is the amounts of virus in the selected water body, which can be calculated from Eq. [(3)](#fo0015){ref-type="disp-formula"}.$$\mu = n \times N \times \theta \times \delta/\left( {V \times Q} \right)$$

In the current study, *μ* is related to the number of diagnosed patients *N*, the amounts of viruses discharged into sewage per person per day from diagnosed patients *n*, the total daily urban sewage volume *V*, the river discharge volume *Q*, the estimated treatment degree of the sewage treatment plant *θ*, and the viral attenuation inactivation rate δ depending on the river flowing time *t* and distance *L*.

Here, referring to SARS virus-related research ([@bb0055]; [@bb0095]), the genome concentration of the SARS virus in patients\' stool (n~1~) and urine (n~2~) was 10^7^ and 2.5 × 10^4^ cop/L, and increased by an order of magnitude during an outbreak. Given that the volume of stool (v~1~) and urine (v~2~) are about 0.5 and 1.5 L/d respectively, the estimated value of *n* is about 5 × 10^7^ (Eq. [(4)](#fo0020){ref-type="disp-formula"}). According to the conventional treatment process, the virus removal efficiency *θ* is equal to 4 log, and δ is calculated via Eq. [(5)](#fo0025){ref-type="disp-formula"} ([@bb0030]).$$n = 10 \times \left( {v_{1}n_{1} + v_{2}n_{2}} \right)$$ $$\delta = L^{- 1} \times e^{- 0.15t}$$

3. Results and discussion {#s0030}
=========================

3.1. Risk assessment of three river basins {#s0035}
------------------------------------------

COVID-19 in Hubei Province began to rapidly erupt since January 20 in 2020. Since the rapid increase was observed in the following month, the subsequent 40 days (from January 20 to February 29) were selected as the research period. [Fig. 2](#f0010){ref-type="fig"} shows the risk analysis in the Yangtze River, Han River, and Fu River basins. It can be seen the risk potential of the watershed cities in the Yangtze River basin definitely increased after January 25, which could be related to the rapidly rising number of diagnosed patients. Due to the large flow of the Yangtze River, the virus-laden sewage discharged by sewage treatment plants is greatly diluted, thus the risk indexes of the cities in this basin are generally low. Of note, Wuhan has the highest risk, with a risk index of 7.5 × 10^−12^, followed by Jingzhou, Ezhou and Xianning in the range of 4 × 10^−12^--6 × 10^−12^, while Enshi, Yichang and Huangshi have relatively low risks, with all the risk indexes lower than 4 × 10^−12^. Compared with the Yangtze River, the overall risk indexes in the Han River basin are about one order higher ([Fig. 2](#f0010){ref-type="fig"}b). Because the flow of the Han River is relatively small compared to the Yangtze River, the impact of confirmed patients gave the increasing contribution. Wuhan-Han River section (Wuhan-HR) shows the largest risk index at 2 × 10^−10^, which is mainly due to its largest numbers of confirmed patients, followed by Xiaogan-Han River section (Xiaogan-HR) and Tianmen with the risk indexes at 1.5 × 10^−10^ and 1.2 × 10^−10^, respectively, due to the small amounts of sewage volume and the relatively high numbers of diagnosed patients. [Fig. 2](#f0010){ref-type="fig"}c shows the risk analysis of the Fu River Basin. Since the average flow of the river is only about 3 m^3^/s in this season, and the dilution effect of the sewage discharged into the water body is greatly weakened, the overall risk indexes of the related cities in Fu River Basin increased by three orders compared to the Yangtze River Basin.Fig. 2Risk index in the Yangtze River basin (a), Han River basin (b) and Fu River basin (c) in different periods.Fig. 2

3.2. Distribution and analysis of urban risks in river basins {#s0040}
-------------------------------------------------------------

The urban risk distribution, and the information about the dilution (equal to V × Q) and the number of diagnosed patients are listed in [Figs. 3](#f0015){ref-type="fig"} and S1. As illustrated in [Fig. 3](#f0015){ref-type="fig"}a, the risk distribution of cities in the Yangtze River Basin is centered on Wuhan, which is mainly attributed to the number of diagnosed patients decreasing from Wuhan to both side cities ([Fig. 3](#f0015){ref-type="fig"}b). It can be seen, due to the larger volume of sewage in Yichang and Huangshi, the risk indexes of them are relatively lower. The risk distribution of the Hanjiang River Basin has gradually increased from Shiyan to Wuhan, except for Jingmen and Tianmen ([Fig. 3](#f0015){ref-type="fig"}c). Although the number of diagnosed patients is not large in Jingmen and Tianmen, the overall risk indexes are relatively higher due to the lower sewage volume ([Fig. 3](#f0015){ref-type="fig"}d). However, there is no obvious pattern of risk distribution in the Fu River Basin ([Fig. 3](#f0015){ref-type="fig"}e), the limited variation was observed for the risk assessment among the three selected cities, due to the difference of ratios of patients number to sewage amount is small ([Fig. 3](#f0015){ref-type="fig"}f).Fig. 3Cities risk, dilution and diagnosed patients in the Yangtze River Basin (a), (b), Han River Basin (c), (d), and Fu River Basin (e), (f).Fig. 3

3.3. Risk varies with distance *L* and time *t* {#s0045}
-----------------------------------------------

When sewage is discharged into the river, the virus will inactivate with the river transportation distance *L* and time *t*, and the corresponding risk index will gradually change. Variations in Wuhan\'s risk indexes for the three rivers with *L* and *t* are shown in [Fig. 4](#f0020){ref-type="fig"} . It could be deduced that the risk decreased rapidly with the increasing distance of water transport, and the safety radius from sewage outlets in the Yangtze River, Han River, and Fu River are 8 km, 20 km, and 36 km, respectively. However, due to the long safety distance of the Han River and Fu River, downstream cities may have the possibility of overlapping risks. As for the trend of risk over time, similar to distance, the risk can be reduced by an order of magnitude by about 14 h in the Yangtze River Basin, compared to 30 h in Han River Basin and 36 h in Fu River Basin. Therefore, the Han River and the Fu River may also have a trend of overlapping risks under time period consideration.Fig. 4The risk index of the Yangtze River Basin (a), Han River Basin (b) and Fu River Basin (c) cities varies with *L* and *t*.Fig. 4

3.4. Risk fitting of the QMRA index model {#s0050}
-----------------------------------------

According to epidemiology theory, the spread risk of airborne viruses is closely related to the proportion of infected and population density ([@bb0125]; [@bb0145]). To better verify the QMRA index model, the real infection index was calculated through multiple linear regression analysis (Table S5), by combining infected proportion and population density (Table S6). As illustrated in [Fig. 5](#f0025){ref-type="fig"} , R^2^ of the Yangtze River and the Han River Basins are 0.84 and 0.90, respectively. However, due to the only three cities in the Fu River Basin, the fitting indexes are poorly correlated with R^2^ = 0.40. In general, the acceptable linear relationship indicates that the QMRA index model was statistically significant.Fig. 5Linear fitting of risk between index model of QMRA and real index infection in Yangtze River Basin (a), Han River Basin (b) and Fu River Basin (c).Fig. 5

3.5. Risk comparisons and control approaches in Wuhan {#s0055}
-----------------------------------------------------

Given that Wuhan city is the area with the worst epidemic situation, and where the three rivers meet, the risk indexes of the three rivers are compared in [Fig. 6](#f0030){ref-type="fig"}a. Due to the influence of river flow, risk indexes of the Yangtze River, Han River, and Fu River are 7.59 × 10^−12^, 2.06 × 10^−10^, and 3.63 × 10^−8^, respectively. Furthermore, [Fig. 6](#f0030){ref-type="fig"}b shows the effect of the virus removal rate in sewage treatment processes on the index in Wuhan. Obviously, when the removal rates are 4 log, 5 log, and 6 log, the risk indexes of these three rivers show an order of magnitude reduction. Based on the above analysis, wastewater treatment plants in cities of the small flow River Basins and high-risk index areas, should strengthen the disinfection process during the epidemic period to control risks. Similarly, daily household disinfection of the toilet also plays a vital role in reducing the risk.Fig. 6Risk comparisons of the three rivers in Wuhan (a), and the relationship between the virus removal rate in sewage plants and infection risk (b).Fig. 6

4. Conclusions {#s0060}
==============

By establishing a novel synthetic model, the preliminary analysis of the risk assessment for COVID-19 in three river basins was carried out. Due to the huge differences in river flows, the values of risk index followed as Pi~Yangtze~ \< Pi~Han~ \< Pi~Fu~. In the same watershed, the amounts of sewage and diagnosed patients would play circular roles in the transmission of COVID-19. The risk distribution in the Yangtze River and Han River basins generally took Wuhan as the center and decreased toward the surrounding cities, while there was no obvious pattern in Fu River basins. The safety radius in the Yangtze River Basin was obtained as 8 km with 14 h safety time, while it was 20 km and 36 km for the Han River and Fu River with 30 h and 36 h safety time period, respectively. Through multiple linear regression analysis, the QMRA index model was proved to be statistically reasonable. Our study demonstrated that higher treatment standard in sewage plants and disinfection of sanitary appliances in households could significantly reduce the risk related to COVID-19. Further attention should be paid to the risk of groundwater virus diffusion caused by pipeline leakage during sewage pipeline transportation. Still, due to the limited research on the risk of SARS-CoV-2 virus transmission in the water environment at this stage, and the survival of the virus could be affected by many environmental and human factors, some uncertainty and limitations might exist concerning the risk assessment at the current stage, which needs further investigation in the future.
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